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Abstract
LCLS-II is a proposed upgrade of the most powerful X-ray laser in the world built at SLAC National Accelerator Laboratory. When
complete, multiple free electron laser (FEL) sections will be powered by a continuous wave superconducting radio frequency (SRF)
electron linac. The vital parameters for FEL radiation quality are beam emittance and beam transverse position stability. Excitation
of high order modes (HOM) in SRF niobium cavities leads to additional beam power dissipation through incoherent and coherent
losses. Energy stored in HOM may cause cumulative eﬀects — transverse and longitudinal position displacement of the center
of bunches, which leads to transverse and longitudinal emittance dilution. Cumulative eﬀects due to dipole HOM excitation in
LCLS-II are analyzed. Transition HOM eﬀects are caused by sudden changes (periodic or single case) in the beam bunch structure.
Bunch center position disturbance due to transition HOM eﬀects is estimated.
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1. Introduction
Table 1: Parameters of LCLS–II electron beam.
Output energy 4.0 GeV
Operation mode CW
Average beam current 0.1 – 0.3 mA
Bunch charge 100 – 300 pC
Bunch repetition rate 1 MHz
Bunch size 25 μm – 2 mm
Normalized transverse emittance 0.6 mm·mrad
Cavity axis misalignment 0.5 mm
HOM frequency spread 1 MHz
The Linac Coherent Light Source (LCLS) [2] is the most powerful X-ray laser in the world built at SLAC National
Accelerator Laboratory [3]. LCLS–II is a proposed upgrade [4], which will add two new X-ray laser beams. When
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Fig. 1: Schematic layout of LCLS–II injector, linac, bunch compressors and beam transport with key parameters listed
for CW operation with 100 pC per bunch.
complete, LCLS–II will provide soft coherent X-ray radiation for a broad spectrum of basic research applications.
Multiple free electron laser (FEL) sections will be powered by continuous wave (CW) SRF electron linac. The linac
design is based on the technology developed for the TESLA (Tera–Electronvolt Energy Superconducting Linear Ac-
celerator) Technology Collaboration [1]. It represents the standard International Linear Collider (ILC) [5] structure
(TESLA-type 9-cell 1.3 GHz cavities grouped in cryomodules (CM)) with modiﬁed high order mode (HOM) cou-
plers [6] to reduce heating from the fundamental mode. Design parameters of the electron beam are listed in Tab. 1.
Preliminary layout of LCLS–II linac is shown in Figure 1.
The LCLS–II SRF linac feeds the FEL sections. The vital parameters for FEL radiation quality are beam emittance
and beam transverse position stability. Therefore it is important to analyze HOM eﬀects on beam quality in the linac
design to preserve the electron beam parameters while accelerating.
The LCLS-II SRF electron linac beam consists of short ultra-relativistic bunches. Bunch length changes during
propagation through the linac. The bunches decrease in size with acceleration. Bunch length at the end of the linac is
about 25 μm. Output energy is 4 GeV.
Electron bunches interact with accelerating SRF structures by radiation of electromagnetic (EM) ﬁeld, which can
be considered as a superposition of SRF cavities eigenmodes. Any cavity eigenmode other than the fundamental one
is called an HOM. HOM excitation results in deposition of EM energy in the walls of the SRF cavities. The excess of
heat load leads to increased costs of building and operating the linac. In addition, EM ﬁelds of an excited HOM act
back on the beam and may deteriorate the beam quality. The analysis of these eﬀects is presented in [7]. A charged
particle passing through a cavity can excite transverse dipole modes if the particle trajectory does not correspond with
the cavity axis. Excitation of the dipole mode does not aﬀect the particle motion, but the excited mode can interact
with the following particles. That is why the eﬀect is called cumulative. The following particles experience transverse
kick due to interaction with the mode. This may result in eﬀective emittance dilution over the time or even to beam
break-up (BBU). The signiﬁcance of cumulative HOM excitation eﬀects for the LCLS-II linac is estimated in this
paper.
Analysis and control of HOMs is important part of the SRF linac design. Existing HOM couplers reduce HOM
quality factor down to Q = 107 and below [8]. The requirements on the maximum HOM quality factor are discussed
in this paper. The eﬀect from propagating HOMs is also considered.
Due to the necessary presence of beam diagnostic instrumentation or deﬂection instrumentation devices, the bunch
structure can be disturbed. This results in periodic sudden HOM phase shifts, which cause electron bunch transverse
coordinate variation. The signiﬁcance of the transverse coordinate variation is estimated. HOM phase shift frequency
is discussed.
The structure of the paper is the following. 1.3 GHz TESLA-type cavity properties are presented in Section 2. The
assumptions of the model are discussed in Section 3. Simulation results for transverse emittance dilution estimation
are demonstrated in Section 4. Transition eﬀect analysis is presented in Section 5. Conclusions are made in Section 6.
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Fig. 2: Dipole HOM spectrum. Fig. 3: Dipole HOM spectrum density.
2. Dipole HOM spectrum of TESLA-type cavity
Dipole HOM spectrum is calculated using CLANS code, module ”clans2”. The code calculates HOM frequencies
and eﬀective impedances R(1)/Q.
HOMs can be characterized as trapped or propagating. Trapped HOM ﬁelds are localized within the cavities, while
propagating modes transfer energy along the linac. For an inﬁnitely long waveguide with circular cross section of
radius r, the cutoﬀ frequency can be deﬁned as the lowest frequency for which a mode propagates in the waveguide.
The cutoﬀ frequency is found with the characteristic equation of the Helmholtz equation for electromagnetic waves,
which is derived from the electromagnetic wave equation by setting the longitudinal wave number equal to zero and
solving for the frequency. For dipole modes in a waveguide with circular cross-section the cutoﬀ frequency is given
by
fcutoﬀ = 2πc
χ11
r
≈ 2πc1.8412
r
, (1)
where χ11 is the ﬁrst root of J1(r) — the Bessel function of the ﬁrst kind of order 1, and c is the speed of light. For a
chain of RF cavities this deﬁnition is not precisely valid. Beam pipes between the cavities have ﬁnite lengths, which
allows even modes with frequency below the cutoﬀ to propagate.
Even though propagating modes are not trapped inside one cavity, they might form a standing wave in a system
with multiple cavities. In this case they produce the same eﬀect as the trapped ones. The probability of meeting the
conditions for propagating modes to be trapped might not be high, but the goal of the research is to determine the upper
estimate for the cumulative HOM excitation and transition eﬀects. That is why both propagating and trapped HOMs
are considered in the analysis. The probability for a propagating mode to be trapped is not a subject of discussion in
the given paper.
Dipole HOM spectrum and spectrum density for 1.3 GHz ILC cavity are shown in Figures 2 and 3 correspondingly.
Circular cross-section waveguide cutoﬀ frequency for the radius of this cavity is 2.20 GHz. Typically only modes with
frequencies below cutoﬀ value are considered. The whole dipole HOM spectrum is considered in the given analysis.
In the demonstrated case, there is a beam pipe at each side of the cavity with total length of 29.6 cm. Reﬂecting walls
are simulated at the ends of the pipes. The position of the walls determines the location where propagating modes
form. R(1)/Q of propagating modes depends on where they are formed. For the given conﬁguration, the HOM with
the largest R(1)/Q is in the fourth passband (i.e. propagating according to inﬁnite waveguide deﬁnition). The spectrum
density increases with HOM frequency (see Figure 3), but the eﬀective impedance tends to decrease (see Figure 2).
The eﬀective impedance of the dipole HOMs as a function of total length of beam pipe is shown in Figure 4 for
the second passband and in Figure 6 for the fourth one. Pipe length on both sides of the cavity is the same. Passband
#2 consists of formally trapped HOMs, thus the eﬀective impedance of the modes might vary when the total pipe
length is small, but it is constant when the pipe is long enough. This behavior is explained by the fact that the ﬁeld
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Fig. 4: Dipole HOM eﬀective impedance as a func-
tion of tube length for the second passband.
Fig. 5: Dipole HOM frequency as a function of tube
length for the second passband.
Fig. 6: Dipole HOM eﬀective impedance as a func-
tion of tube length for the fourth passband.
Fig. 7: Dipole HOM frequency as a function of tube
length for the fourth passband.
of a trapped mode can propagate to the beam pipe, but only for a limited distance. Passband #4 consists of formally
propagating modes. The eﬀective impedance as a function of pipe length has maximums and minimums. Moreover,
HOMs have maximum R(1)/Q value subsequently one after another with increase of the pipe length. The upper limit
on R(1)/Q for this passband can be deﬁned from Figure 6. R(1)/Q of each HOM is always smaller than 275 kΩ/m2.
Note, that maximum value of eﬀective impedance within the passband does not vary signiﬁcantly with pipe length. It
allows us to conclude that the values of R(1)/Q in Figure 2 do not diﬀer much from the maximum possible eﬀective
impedance. Consequently, the limit of 275 kΩ/m2 can be applied to all HOMs.
Dependence of HOM frequency on the total pipe length is shown in Figure 5 for the second passband and in
Figure 7 for the fourth one. The plots demonstrate that the frequency of trapped modes does not depend on the tube
length (when the tube is long enough), while the propagating modes signiﬁcantly change their frequency depending
on the tube length. The frequency may change up to 300 MHz within 30 cm tube length variation, which is much
greater than the distance between two neighboring lines in the beam spectrum (1 MHz). Therefore, all positions of
HOM frequency with respect to beam spectrum lines have to be considered.
Finally, the separation between HOM frequencies is signiﬁcant compare to the distance between two neighboring
lines in the beam spectrum. That is why each line of the beam spectrum interacts with one HOM only. Furthermore,
when the eﬀective impedance of one HOM is in maximum, the eﬀective impedances of the rest of HOMs are much
smaller. All these allow us to consider a single HOM in the simulations. To determine the upper limit on emittance
dilution or beam transverse coordinate disturbance, the maximum value of R(1)/Q should be considered.
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3. Model assumptions
A model for estimating the resonant excitation of HOMs, BBU eﬀects and klystron-type instabilities has been
developed. This model was applied for the Project X CW SRF linac design [9].
The basic features of the model are the following. A conservative approach to estimate the maximum possible eﬀect
is used. TESLA-type 9-cell cavities with HOM couplers and absorbers providing loaded quality factor QL < 107 are
assumed. SuperLANS RF simulation code is used to calculate HOM spectrum. Both trapped and propagating modes
are calculated. The R(1)/Q of a propagating mode depends on where it is trapped. The worst trapping conditions for
propagating modes are assumed, found by variation of the tube length, i. e. the location of the mode (for example, see
Figures 4 and 6). Two tubes of the same length are attached to the cavity at each side for the R(1)/Q calculation. The
maximum R(1)/Q value is used for the calculations. The dipole HOM spectrum is shown in Figure 2. The accelerator
deﬁnition of the dipole mode impedance is used:
R(1)
Q
=
∣∣∣∫ (∇⊥Ez)|x=x0 eiωz/vdz
∣∣∣2
ωW0
, (2)
where Ez is HOM electric ﬁeld along the axis of the cavity, v is beam velocity, ω is HOM angular frequency, and
W0 is HOM stored energy. The integral is taken along the line parallel to the cavity axis at the distance x0. Random
variation of HOM frequencies from cavity to cavity with RMS value of σ f = 1 MHz is assumed if not otherwise
speciﬁed. An idealized beam spectrum (Figure 8) is used without time and charge jitter. The charge of the bunches
is 300 nC. The bunches follow with frequency of 1 MHz. Bunch size is assumed to be 80 fs. The charge distribution
within the bunch is assumed to be uniform.
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Fig. 8: Idealized LCLS–II beam spectrum for a bunch
charge of 300 pC. Bunch repetition rate is 1 MHz. Bunch
size is 80 fs. Bunch charge is distributed uniformly.
A bunch of charged particles passing through an
SRF cavity excites dipole HOMs if displaced from
the cavity axis. Excited HOMs with high quality
factor store the energy long enough to aﬀect the fol-
lowing bunches motion. Therefore, each of the fol-
lowing bunches experience a transverse kick from
the HOM ﬁelds and produces additional excitation
of HOMs. As a result, the bunches change their
angular components of motion, which causes eﬀec-
tive transverse emittance dilution or may cause even
beam break-up.
HOM voltage ΔU induced by a single bunch pass-
ing through a cavity can be calculated as
ΔU =
i
2
cqb
R(1)
Q
(x − x∗), (3)
where qb is bunch charge, x is the bunch position
along the x-axis and x∗ is the cavity misalignment
along the x-axis. When there are no bunches passing
through the cavity, the HOM voltage oscillates with
time:
U(t) = U(0) exp
(
iωmt − ωmt2Q
)
, (4)
where ωm = 2π fm is the HOM angular frequency. The transverse kick on a bunch by HOM voltage U is
Δx′ =
eRe (U)
pc
. (5)
HOM frequency itself does not aﬀect the value of emittance dilution, but its diﬀerence with respect to the closest
beam spectrum line does. The LCLS–II beam spectrum is regular (a line every 1 MHz); that is why the distance from
the HOM to the closest beam spectrum line may vary from 0 (resonance case) to 500 kHz.
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4. Emittance dilution
Simulation of the whole linac is performed to estimate BBU. Diﬀerent HOM frequency spread from 1 Hz to
10 MHz is considered in this simulation. Note that the actual HOM frequency spread is expected to be about 1 MHz,
but the whole range of the spread is considered to demonstrate the dependence of the eﬀect on the HOM frequency
spread. For each value of the spread, a set of linacs is simulated and eﬀective transverse emittance dilution is calcu-
lated. Emittance dilution caused by HOM eﬀects is taken into account. This emittance is compared to the designed
bunch emittance. Relative eﬀective transverse emittance is deﬁned as a ratio of the actual eﬀective transverse emit-
tance to the design transverse emittance of the bunches.
Fig. 9: Relative eﬀective transverse emittance dilu-
tion due to dipole HOM as a function of HOM fre-
quency spread for the resonant case.
Fig. 10: Relative eﬀective transverse emittance dilu-
tion due to dipole HOM as a function of HOM fre-
quency spread for the non-resonant case.
Relative eﬀective transverse emittance dilution due to a dipole HOM as a function of HOM frequency spread for
two extreme cases (resonance and far from resonance) is shown in Figures 9 and 10 respectively. For the resonant
case (Figure 9) emittance dilution goes to zero when HOM frequency spread goes to zero. This can be understood
by considering the extreme case when HOM frequency spread is zero. The ﬁrst bunch passing through each cavity
induces a HOM voltage according to Equation (3). HOM voltage oscillates according to Equation (4). In the resonant
case with zero HOM frequency spread (i. e. ωmt = 2πn) each bunch is passing the cavity when HOM voltage has
imaginary value and does not provide any transverse kick to the bunch (see Equation (5)). Thus none of the bunches
experience transverse motion disturbance due to HOM, and the emittance dilution is zero. The resonant case has a
maximum of emittance dilution when frequency spread is equal to fHOM/Q, which is 20 kHz for the considered values.
For the non-resonant case, the monotonic increase in emittance dilution is explained by an increase of probability for
the HOM frequency to be close enough to the beam spectrum line. There is a signiﬁcant jump in emittance dilution at
about 0.5 MHz related to the distance between the central HOM frequency and the closest beam spectrum line.
One can see that even for the worst case scenario, the eﬀective transverse emittance dilution due to dipole HOM
is less than 10% of the initial transverse emittance. This scenario is realized at an HOM frequency spread of 20 kHz,
which is far enough from the expected 1 MHz frequency spread. For realistic values of HOM frequency spread, the
expected relative emittance dilution is about 0.1%, which is negligible.
5. Transition eﬀect
For electron beam deﬂection between two undulators in LCLS-II, the beam will shift to another RF bucket; thus
the RF deﬂector (operating at 325 MHz frequency) will shift the beam by 180 degrees (or 90 degrees if the beam will
be sent to the damp line). In addition, single bunches periodically can be deﬂected for diagnostic purposes. In both
cases the beam phase suddenly changes. BBU transition eﬀects due to sudden beam phase change is considered in
this section.
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(a) HOM phase shift is oﬀ. (b) Sudden HOM phase shift by 180◦.
(c) Periodic 500 Hz HOM phase shift by 180◦. (d) Periodic 1 kHz HOM phase shift by 180◦.
Fig. 11: Transverse coordinate of electron bunches at the output of the linac.
The expected beam phase shift is 90 or 180 degrees of 325 MHz frequency (in case of shift to another RF bucket)
and 360 degrees of 1 MHz frequency (in diagnostic case). As demonstrated in Section 2, HOM central frequency
cannot be determined precisely (see Figure 7), that is why eﬀective HOM phase shift can have diﬀerent values. The
most signiﬁcant eﬀect is observed when HOM phase shift is 180 degrees of HOM frequency. Various HOM phase
shift frequencies are considered to estimate the allowed frequency of diagnostic bunch extraction.
The situation when there is no transition eﬀect and all bunches follow each other with constant time interval of
1 μs transverse coordinate of each bunch at the exit of the linac is presented in Figure 11a. There is some transverse
coordinate variation (up to 80 μm) in the ﬁrst bunches, but after 5 ms, it goes to zero. When there is a sudden change of
HOM phase by 180 degrees, real and imaginary parts of induced HOM voltage are swapped (see Equation (4)). Thus,
each of the following bunches experience an unexpected transverse kick which results in additional bunch transverse
coordinate variation as demonstrated on Figure 11b. The variation from transition eﬀect can be even greater than
variation in the ﬁrst bunches (130 μm compare to 80 μm for considered case).
The results of the simulation of periodic transition eﬀect are shown in Figure 11c for a 500 Hz HOM phase shift
and in Figure 11d for a 1 kHz HOM phase shift. One can see that when the frequency of HOM phase shift is small
enough, there is not a correlation between transition eﬀects from each shift, and the beam transverse coordinate
variation does not accumulate (Figure 11c). When the frequency increases, variations from the shifts accumulate
(Figure 11c), but after few periods, transverse coordinate oscillation comes to a steady regime when amplitude does
not change anymore.
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It is found that BBU transition eﬀect results is up to 200 μm bunch center position disturbance when HOM phase
shift frequency is below 1 kHz. This value satisﬁes the requirements for the LCLS-II beam dynamics.
6. Conclusion
A conservative approach for analysis of cumulative HOM excitation and transition eﬀects is applied to the proposed
LCLS-II linac. The approach aims to estimate the maximum possible eﬀect from HOM and demonstrate it can be
neglected even in this case.
Cumulative HOM excitation results in transverse emittance dilution. It is demonstrated that for the expected HOM
speciﬁcations (i. e. 1 MHz frequency spread) due to HOM the transverse emittance increases by 0.1% of its initial
value. It allows us to conclude that there is no need to use additional HOM dampers when existing HOM couplers
reduce HOM quality factor down to Q = 107. The case of Q = 107 considered in the paper is extreme. HOM
cause even less defects to the beam quality when the quality factor is lower. Higher values of quality factor are not
considered as Q = 107 is realistically achievable.
HOM transition eﬀects for the LCLS-II are analyzed. The major danger of the eﬀect comes from periodic changes
in electron beam time structure. It is demonstrated that beam center position disturbance is below 200 μm for periodic
1 kHz HOM phase shift by 180 degree, which satisﬁes the LCLS-II beam dynamics requirements.
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